Introduction 51
In exploring nutrient transformations in lakes, limnologists have historically 52 overlooked the littoral zone and have largely considered pelagic photoautotrophs to be 53 the foundation of the lake food web, ushering nutrients into the food web (Reynolds 54 2008) . This reflects a 'pelagic-centric' view of lakes that has traditionally dominated the 55 field of limnology (Vadeboncoeur et al. 2002; Vander Zanden et al. 2006) . Lakes have 56 also been viewed primarily with regard to processes influencing the vertical structure of 57 the ecosystem, with an emphasis on transport processes between the epilimnion and deep 58 hypolimnion and profundal sediments. Under this perspective, vertical fluxes 59 (sedimentation, eddy diffusion, fall turnover) are considered largely responsible for 60 controlling nutrient concentrations and therefore plankton production (Horne and 61 Goldman 1994) . This attitude reflects a general depiction of lakes as large, deep bodies of 62
water. 63
However, the majority of lakes worldwide are relatively small and shallow, with 64 extensive littoral zones (Wetzel 1990 and lakes in snowmelt-dominated systems is delivered in the spring (Wurtsbaugh et al. 96 1994; Boyer et al. 1997 ; Pellerin et al. 2012 ) nutrients available in the sediments and 97 sediment pore water may be available to support benthic primary production throughout 98 the year. 99
In this study we used a stable isotope experiment to explore the transport and 100 removal of watershed-derived inorganic nitrogen (N) through a mountain lake ecosystem. 101
Our study design avoided the limitations of mesocosms or laboratory experiments and 102 aimed to examine the natural pathways of nitrogen uptake and transfer. Additionally, our 103 approach explored the competition between pelagic and benthic primary producers for 104 nutrients and how the assimilation by these pools may influence nitrogen transport 105 through the lake. We hypothesized that due to the oligotrophic nature of our study lake, 106 assimilation by benthic and pelagic producers in the lake would decrease N transport 107 relative to water transport during the snowmelt flush. We expected that both pools would 108 contribute to nitrogen retention, but that nitrogen assimilated by the benthic compartment 109 would be retained longer than in the pelagic compartment. 110
111

Methods
112
Study site 113
Bull Trout Lake is a 0.30 km 2 subalpine lake located adjacent to the Sawtooth 114 National Recreation Area within the Boise National Forest of central Idaho (Fig. 1a) . The 115 lake is at an elevation of 2118 m and is part of the headwaters of the South Fork of the 116 limited recreational land use and low atmospheric N-deposition (~100 kg km -2 yr -1 ; 118 NADP 2010). Bull Trout Lake's watershed is 99.9% vegetated (Goodman et al. 2011 ) 119 with upland areas dominated by lodgepole pine (Pinus contorta) and stream riparian 120 areas dominated by willows (Salix sp.), sedges (Carex sp.), and grasses (Arp et al. 2006) . 121
The watershed above Bull Trout Lake drains an 11.7 km 2 area of biotite-granodiorite, and 122 glacial deposits (Kiilsgaard et al. 2003 ) with a maximum elevation of 2550 m. The inflow 123 and outflow stream hydrographs are dominated by spring snowmelt (Arp et al. 2006) , and 124 the area is typically snow covered from mid-November to late-May or early-June. The 125 outflow, Warm Springs Creek, is a small, slow-moving stream that originates as a 126 shallow marsh connecting to the epilimnetic shelf at the north end of the lake. 127
Bull Trout Lake is dimictic and the epilimnion thickness varies from 128 approximately 2 m in early June to 11 m in September (Fig. 2a) . The lake is oligotrophic 129 with an average epilimnetic summer chlorophyll a (Chl a) concentration of 1.1 µg L -1 and 130 a maximum around 4 µg L -1 , found as a deep chlorophyll layer in the metalimnion (Fig.  131 2b). Primary production in lakes in this region are generally co-limited by N and 132 phosphorus (P) availability (Wurtsbaugh et al. 1997 concentrations in the lake are low and were assumed to be negligible in this study. 138 benthic area and is dominated by submerged macrophytes, which cover ~80% of the 143 littoral zone. Although there was considerable overlap, the three main macrophyte 144 species occupy different depths with Potamogeton spp. at the shallowest depths, Elodea 145 spp. at mid-depths, and Chara spp. in the deepest water. Flocculent sediments are present 146 at depths < 1.5 m and > 9 m, and are also interspersed between patches of macrophytes at 147 shallower depths. There is essentially no rocky substrate and little sand in the lake bed. Trout Lake. Preliminary experimentation in the headwaters indicated that a large portion 160 of nitrogen is removed before it reaches the lake (Covino et al. 2010), and therefore the 161 second addition 50 m above the lake was done to ensure adequate tracer was delivered to 162 the lake, which is the focus of the study reported here. The tracers were added for 10 days 163 from 21 ̶ 30 June 2008, during the descending limb of peak spring flows (Fig. 3) . This 164 period was chosen because in these cold-climate, high gradient watersheds, most 165 nutrients are transported during spring runoff (Boyer et al. 1997) . Over the course of the 166 10-day injection we added 198 g of 15 NO 3 -N (99% atom enriched) along with 65 kg of 167 sodium bromide (NaBr) to the inflow stream 50 m above the lake, and this entire mass 168 was assumed to enter the lake. The injection was done over 10 days mainly to provide a 169 realistic measure of processes occurring in the lake during the spring rather than if we 170 had arbitrarily chosen a single day to add all the tracers. Seston and bromide were sampled with a peristaltic pump at 0.5, 3, 6, 9, and 12 m 201 depths and at four different stations (Fig. 1b) Zooplankton were sampled during the day in vertical tows with a 24-cm diameter, 222 80-µm mesh net at each of the four stations. Quantitative tows were made at each station 223 from 1 m above the lake bottom to the surface. The sample volume was recorded and a 224 subsample was filtered onto a 25-mm Gelman GF/D filter (2.5 µm pore size), and oven-225 dried for subsequent isotopic analysis. 226
Gross and net sedimentation out of the water column were measured seven times 227 over the season at the four sampling stations with traps that were 60-cm long, 3.8-cm 228 diameter polyvinyl chloride pipes capped on the bottom. These sediment traps were fitted 229 with floatation collars and were positioned with the entrance 1.5 m above the bottom of 230 the lake. Traps were deployed at depths of 13.5 (Sta. 1 and 2), 9 (Sta. 3), and 3 m (Sta. 4; 231 Fig. 1b) . Traps measuring gross sedimentation were first filled with chilled, non-232 chlorinated tap water (to limit the entry of lake water with seston), and then 50 mL of 233 high-density formalin preservative (2% formaldehyde and 5 g L -1 NaCl) was injected 234 with a long tube to the bottom of the traps to stop organic particle decomposition. Traps 235 measuring net sedimentation were also filled with chilled, non-chlorinated tap water 236 before being deployed but the preservative was not added. The traps were tied to cement 237 blocks and lowered to the bottom. After a 2-day deployment, the sediment traps were 238 slowly raised to the surface where the contents were transferred into storage bottles prior 239 to filtration of subsamples onto 25-mm Gelman A/E glass fiber filters until clogged. 240
Epiphyte, macrophyte and sediment core samples were taken along four different 241 transects from the 'corners' of the lake into the center (Fig. 1b) . These transects provided 242 four spatial replicates of 15 N in these benthic pools at each sampling depth. Epiphytes 243 were sampled at 3, 6, and 9 m along each transect by SCUBA divers who engulfed entire 244 plants of designated species in a 41-cm tall, 11-cm diameter cylindrical plastic sample 245 container. To minimize turbulence and the loss of loosely attached materials on the 246 plants, the top cap was modified with 323-µm mesh to allow water through as the 247 container was placed over the plant. A solid cap was screwed onto the bottom of the 248 container once the macrophyte was cut at the sediment surface. After the diver delivered 249 the sample to the boat the mesh cap was replaced with a solid lid, and the sample was 250 vigorously shaken for one minute to dislodge attached epiphytic algae from the 251 macrophyte host. Macrophytes were then removed from the sample, the volume of the 252 processing. In the laboratory, macrophytes were dried to constant weight and measured 254 volumes of the epiphyte solutions were filtered onto 25-mm Gelman A/E filters until 255
clogged. 256
In addition to sampling epiphytes, SCUBA divers estimated percent cover of each 257 macrophyte genus (and bare sediments) at 1.5-m depth increments along each of the four 258 transects. A rectangular quadrant (divided into a grid) was used by two different divers to 259 visually estimate percent cover of each macrophyte species and bare sediments along the 260 lake bed. At each depth the divers randomly selected a square to estimate percent of each 261 cover type. The mean coefficient of variation between the two divers for these 262 observations was 22%, indicating moderate error in our estimates. One section (4%) of 263 the quadrant was harvested entirely, dried, and weighed to obtain a standard weight of 264 plant material per area at each transect and depth. These estimates were used to estimate 265 whole-lake macrophyte and epiphyte biomass. 266
In an effort to measure the 15 N uptake by bare sediments (not covered by 267 macrophytes), cores were taken with a Wildco® 4.8-cm diameter gravity corer at lake 268 depths of 0.5, 1, 3, 6, 9, and 12 m along each of the four transects. In the field, the first 4 269 cm of the upper part of the core were sectioned into two separate 2 cm thick slices, placed 270 into sample cups and dried in the lab at 60°C until the weight was constant. Once dried, 271 these samples were homogenized with a mortar and pestle prior to encapsulation for 272 isotopic analysis. 273
Muscle plugs from the dorsal region of brook trout (18 -23.5 cm fork length) 274
were collected from anglers, dried and then ground into a powder before encapsulation. and by the total lake area to obtain whole-lake 15 N estimates. For the mass balance 310 analysis and estimates of uptake and turnover, all insect taxa were grouped together to 311 generate one estimate for the compartment. Although this approach yielded less accurate 312 and detailed information than for other compartments, the pools of isotope in the 313 invertebrates and fish were small; thus these estimates had less of an effect on the overall 314 isotope budget (see below). 315
Tracer uptake and turnover rates were calculated for each of the lake ecosystem 316 compartments. Uptake rates for ecosystem compartments were estimated as the slope of 317 the line fit to the natural log of delta 15 N vs. time during the injection period (21-30 June). 318
Net turnover rates (day -1 ) were estimated from the exponential decline of delta 15 N values 319 in each ecosystem compartment over time (days since the end of the injection; Dodds et 320 compartments using Br -and mass 15 N data. 322 by mid-June the lake was weakly stratified (Fig. 2) . However, epilimnetic temperatures 326 did not reach 15°C until mid-July. Heterograde oxygen profiles were recorded on most 327 dates, with peak concentrations in the metalimnion (deep chlorophyll layer). Oxygen was 328 generally above 5 mg L -1 in the hypolimnion, but by mid-August it declined to 329 concentrations near 2 mg L -1 within 1 m of the deepest sediments. 330
The cold, dense water from Spring Creek inserted into the epilimnion and 331 metalimnion of Bull Trout Lake and, with the exception of samples collected 1 day after 332 the tracer addition began, the highest concentrations of Br -(24 -32 mg m -3 ) were between 333 3 and 6 m (Fig. 4) . Br -tracer concentrations were lowest at 12 m, indicating that there 334 was limited underflow and/or mixing into the hypolimnion until mid-August. Epilimnetic 335 and metalimnetic concentrations of Br -decreased rapidly following the termination of the 336 injection when discharges were still high (Fig. 3) , and then slowly over the rest of the 337 summer. By late July, the average concentration throughout the entire water column was 338 ~12 mg m -3 . Hypolimnetic Br -concentrations peaked at about 10 mg m -3 near the end of 339 the injection and these elevated (above background) concentrations were sustained or 340 increased slightly in the late summer when deep mixing occurred (Fig. 4) . 341
Nitrogen dynamics -Tracer 15 N was quickly transformed from inorganic ( 15 NO 3 -) to 343 particulate forms as it was incorporated into the lake food web upon delivery from Springended on 30 June, the tracer moved out of this compartment in an exponential decline 347 (0.038 day -1 ; Table 1 ), indicating short-term storage of the tracer and rapid turnover. 348
Seston in the epilimnion became much more enriched than the hypolimnion with the 349 highest delta values sampled at 3 and 0.5 m (Fig. 6a ). There was a short time lag before 350 hypolimnetic seston became enriched and peak enrichment was only 238‰ on 21 July (9 351 m). While the tracer rapidly moved into and out of the epilimnetic seston (uptake 0.48 352 day -1 , turnover 0.038 day -1 ), the rates of uptake and turnover were slower within the 353 hypolimnion (uptake 0.36 day -1 , turnover 0.029 day -1 ; Table 1 ). 354
Concentrations of tracer
15 N in seston (Fig. 6b) followed a different distribution 355 from delta values (Fig. 6a) due to the presence of relatively high seston biomass in the 356 deep chlorophyll layer (Fig. 2b) . Although 15 N was most concentrated in the epilimnion 357 shortly after the injection, particulate 15 N was rapidly lost from that layer via 358 sedimentation and export to the outflow, so that by late July and early August the highest 359 concentrations of seston 15 N were found at 9 and 12 m. The specific uptake rate of the 360 whole-lake seston pool from 20 June to 29 June was 0.50 day -1 (Table 1) . 361 values for zooplankton increased rapidly and as a compartment had a specific uptake rate 366 of 0.41 day -1 . Additionally, the tracer was lost quickly as the zooplankton exhibited a 367 turnover rate of 0.034 day -1 (Table 1) . 368
Due to sedimentation of organic material out of the water column onto submerged 369 macrophytes, the epiphyte compartment we measured included both epiphytic algae 370 growing on macrophyte hosts and sedimented material that collected on leaves and stems. 371
Enrichment of epiphyte samples was moderate (peak of ~62‰) compared to that of 372 seston and there was a time lag (24 days) between the end of the injection and peak 373 enrichment of epiphytes (sestonic peak enrichment was reached by the end of the 374 injection; Fig. 5 ). Difference in epiphyte enrichment among depths were limited (range 375 64-96‰), although samples collected at 6 m had the highest enrichment. While there 376 were potential differences in enrichment of epiphytic algae on different macrophyte 377 hosts, such an effect would likely be confounded by the fact that the macrophyte species 378 distribution was largely determined by depth. The specific uptake rate (0.18 day -1 ) and 379 turnover rate (0.018 day -1 ; Table 1 ) were much lower than that of the seston and 380 zooplankton indicating longer-term storage within the epiphyte compartment. 381
Enrichment of submerged macrophytes (Potamogeton spp., Elodea spp., and 382 Chara spp.) was much lower than that of the epiphytes. The highest delta 15 N value for 383 any macrophyte sample was 18.5‰ (Fig. 5) , and average values for each depth and 384 station were never greater than 9.5‰. This value may have also represented some 385 residual epiphytes that were not dislodged by our sampling procedure. Individual 386 macrophytes took up minimal 15 N tracer; however, due to the large mass of macrophytes 387 (~ 30,000 kg dry weight) the total uptake in this compartment was significant (see 388 below). The specific uptake rate for macrophytes was 0.13 day -1 (Table 1) but the 389 turnover time could not be calculated due to sustained or increased enrichment through 390 the end of the season.
followed by Sta. 3 (10.5 m depth). Therefore, rates of sedimentation reaching the benthos 394 were the lowest in the deepest portion of the lake. Delta values of sedimented materials 395 peaked at 394‰, and followed the same trend as those of the seston (Fig. 5) . Peak gross 396 sedimentation rates ranged from 0.02 to 1.1 g 15 N day -1 (± 0.5 SD) among stations and 397 net sedimentation was on average 76% (± 27 SD) of gross sedimentation. 398
Enrichment of Bull Trout Lake sediments with 15 N was not observed, as delta 399 values of sediment samples did not increase above background following the injection. 400
While we expect that a portion of the tracer was taken up and stored within the 401 sediments, we were unable to directly estimate this mass (see Discussion). 402
Enrichment of fish and insects was low compared to other lake compartments; 403 nevertheless we were able to quantify tracer uptake into these compartments and then 404 extrapolate them to whole-lake estimates based on regional biomass models (see 405 Methods; Fig. 5 ). Of the insect and fish taxa sampled, damselflies (Odonata-Zygoptera: 406 50‰) and then mayflies (Ephemeroptera: 43‰) labeled the highest, while amphipods 407 (Gammarus sp.: 16.6‰) and brook trout (3.6‰) became enriched to a lesser extent. The 408 specific uptake rate of the insect compartment (average for all taxa combined) was low: 409 0.082 day -1 and the turnover rate was only 0.003 day -1 (Table 1) . Delta values in fish 410 increased from 8‰ (background) to a maximum of 12‰ in mid-August. Uptake and 411 turnover rates of the fish were not determined because mass of tracer within the 412 compartment was still increasing when sampling terminated in the fall. 413
Tracer ( 15 N) enrichment of seston in Warm Springs Creek (outflow) peaked at 414 399‰ following the termination of the tracer addition (Fig. 5) . Concentrations of 15 N 415 tracer in seston also peaked near the end of the injection at 39 µg m -3 (Fig. 6b) and 416 declined immediately after the injection. The flux of 15 N tracer moving out of the lake as 417 seston followed the same trend and peaked at 2.8 g 15 N day -1 near the end of the injection. 418
From exponential models fit to the decline of the 15 N and Br -tracer from 419 maximum concentrations, we found the most rapid turnover was in the seston (0.038), 420 followed by Br -from the water column (0.018), the epiphyte compartment (0.013), and 421 the slowest turnover was for total 15 N in the whole lake (0.009). All three models were 422 found to be statistically significantly different from one another (whole lake and seston 423 Fig. 7 and Table 2 . Although a large portion of the tracer 429 remained as NO 3 -within the water column (36%), the greatest mass in any biological 430 compartment was found in seston (21%). Due to high stream discharge and low lake 431 residence time, a portion of the tracer had passed through the lake and into the outflow 432 rather quickly in the form of NO 3 -(4%) and seston (6%). The benthic primary production 433 compartment (epiphytes and macrophytes combined) contained 17% of the tracer and 2% 434 had sedimented out of the water column. Only about 1% of the tracer was found in the 435 higher trophic levels of the ecosystem (zooplankton, benthic invertebrates and fish). A 436 portion of the tracer (13%) had an 'unknown' fate on this date (Table 2) . 437
After the end of the injection 15 N tracer shifted from the pelagic zone into benthic 438 compartments (Fig. 8) Our stable isotope experiment showed that watershed-derived inorganic nitrogen is 452 assimilated rapidly within Bull Trout Lake, transferred throughout the ecosystem, and 453 slowly released downstream. We discovered both benthic and pelagic primary producers 454 to be important in assimilating watershed-derived inorganic nitrogen into the lake food 455
web. While this nitrogen may enter the food web fastest via the seston (pelagic primary 456 producers), it is retained longer within the benthic zone in part because in addition to 457 benthic assimilation from the water column, seston is transported to the benthic zone via 458 sedimentation. While we were able to follow the flow of nitrogen tracer into zooplankton, 459 benthic invertebrates and fish, the total mass assimilated into the higher trophic levels in 460 the water column was small in comparison to primary producers. A portion of the 461 nitrogen delivered in the spring by the inflow stream passes quickly though Bull Trout 462 Lake; however, the majority moves slowly as it is assimilated and transferred within the 463 lake ecosystem. 464
While 15 N and Br -were both delivered to the lake by the inflow stream, the 465 movement of 15 N through the lake differed distinctly from the inflow water measured 466 with the Br -tracer. Bromide moved quickly through the system and after three weeks the 467 high concentrations in the epilimnion had been lost via the outflow. In contrast to the 468 water, little 15 NO 3 -was initially exported from the lake due to rapid uptake by lake biota. Axler and Reuter (1996) who estimated that periphyton activity accounted for >70% of 498 inorganic nitrogen depletion in Castle Lake (CA) and 56% of nitrate disappearance in a 499 related mesocosm experiment. The discrepancy may be related to how tracers were 500 added. Axler and Reuter manually distributed 15 N tracer throughout the epilimnion of the 501 whole lake and mesocosms located on a shallow littoral shelf. However, in Castle Lake 502 most primary production of phytoplankton occurs in a deep chlorophyll layer (Priscu and 503 Goldman 1983) that did not receive the 15 N tracer. In contrast, in our experiment the 504 inflow stream naturally delivered 15 N to directly into the pelagic zone and deep 505 chlorophyll layer of Bull Trout Lake (Fig. 1b) . Thus a portion of the watershed-derived 506 nutrients did not reach the littoral zone before passing through the pelagic portion of the 507 food web. 508
The benthic portion of the Bull Trout Lake food web may not have access to 509 nutrients delivered by the inflow stream until they arrive at the water-sediment interface 510 either via lateral mixing or sedimentation out of the seston. During mid-summer, 511 rates (Brown et al. 2004 ). While the 15 N pool in insects and fish was small, the nitrogen 551 in these pools remained there for a long time as it is turned over extremely slowly. Due to 552 this slow turnover it is possible that additional tracer accumulated in these compartment 553 in the months following the termination of our study. 554
At the end of the tracer addition we were unable to account for approximately 555 13% of the 15 N tracer we added, but we expect that a substantial portion was taken up by 556 the epipelic sediments and a small portion could have been lost via denitrification. 557
Results from other studies suggest that a significant portion of the 15 N tracer can enter 558 epipelic sediments ( 10-day addition, almost accounting for the total mass of unknown tracer at the end of the 567 injection. While we cannot be sure nitrogen uptake in the sediments behaved the same as 568 it did in Lockwood's mesocosm experiment, we can be quite confident that a portion of 569 the unknown tracer ended up within the sediments. We did not measure denitrification or 570 dissimilatory nitrate reduction to ammonium in this study because potential rates of both 571 processes are so low they were not likely significant sinks for our 15 N tracer, at least 572 during the spring-summer period (Washbourne et al. 2011). Nevertheless, some loss of 573 tracer via denitrification could be expected and this could account for a small portion of 574 the missing 15 N in the budget. 575
Through this tracer study we described the incorporation of NO 3 -nitrogen into the 576 Bull Trout Lake ecosystem. Both pelagic and benthic primary producers proved to be 577 important, ushering this nitrogen into the lake ecosystem through the spring and summer. 578
While uptake occurred in the epilimnion, nitrogen was quickly passed down to the 579 hypolimnion and on to the surfaces of macrophytes in the littoral zone via sedimentation 580 and direct uptake. Even though the lake is dominated by littoral habitats, the 581 hydrodynamics and hypsometry of Spring Creek entering into Bull Trout Lake may 582 influence the proportion of nitrogen that enters into pelagic and benthic compartments. 583
While a large portion of the 15 N tracer was incorporated into the epiphyte compartment, 584 this uptake occurred more slowly than that into the seston and may have been partially 585 due to sedimentation out of the epilimnion. This experiment demonstrates the influence 586 that lakes may have on nutrient transport, creating drag on nutrients as they move through 587 11-13 Aug 10 ± 3 27 ± 12 1 ± 0. 
